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Interaction of mitochondrial F,-ATPase with the isolated natural inhibitor protein resulting in the inhibition of multi-site 
ATP hydrolysis is accompanied by the loss of activity at low ATP concentrations when single-site hydrolysis should 
occur. Catalytic site occupancy by P%]nucleotides in F,-ATPase during steady-state P4C]ATP hydrolysis, which is satu- 
rated in parallel with single-site catalysis, is prevented after blocking the enzyme with the inhibitor protein. 
F,-ATPase; Inhibitor protein; Single-site catalysis 
1. INTRODUCTION 
The natural inhibitor protein (IP) of mitochon- 
drial Fi-ATPase [l] is a physiological regulator of 
enzyme activity. IP suppresses the hydrolase activi- 
ty of both isolated and membrane-bound 
Fi-ATPase but has no effect on the steady-state 
rate of ATP synthesis during oxidative 
phosphorylation (review [2,3]). Maximal inhibi- 
tion of ATPase activity of both isolated 
Fi-ATPase [4,5] and the H+-ATPase complex [5] 
is attained after binding of 1 mol of IP per mol of 
enzyme despite the fact that Ft-ATPase contains 
three active sites on the ,&subunits. 
Fi-ATPase can catalyze ATP hydrolysis by the 
single catalytic site (single-site catalysis) with the 
kcat and K,,, values of -0.05 s-i and -10 nM, 
respectively [6-lo] and with the sequential par- 
ticipation of two (or three, but only two of them 
are kinetically distinguished) catalytic sites (multi- 
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site catalysis) [7,8, lo]. Transition from single-site 
catalysis to a multi-site one results in - l@-fold ac- 
celeration of enzyme turnover [7,8,10]. This 
kinetic pattern of Ft-ATPase is in accord with the 
proposed alternating site mechanism [ 11,121. 
There can be no doubt that multi-site catalysis is 
impaired by IP, though it is still unclear whether 
multi-site catalysis is completely prevented by IP 
or whether the IP -Fi-ATPase complex retains 
some ability to function in the multi-site mode. 
Meanwhile, it is unknown whether single-site 
catalysis can be affected by IP. 
It is the aim of this study to resolve the latter 
question. The results presented indicate that not 
only multi-site catalysis but also single-site 
catalysis is destroyed in the IP -Fi-ATPase 
complex. 
2. MATERIALS AND METHODS 
Tris and Mops from Sigma, BSA from Serva, Sephadex G-50 
(fine) from Pharmacia, NADH, ATP, phosphoenolpyruvate, 
pyruvate kinase and lactate dehydrogenase from Reanal, 
[U-‘%]ATP (440 mCi/mmol) from UVVVR and carrier free 
[r-“P]ATP (> 1000 Ci/mmol) from Isotop were used. 
Fi-ATPase was isolated from beef heart mitochondria accor- 
ding to Knowles and Penefsky [13]. IP was purified by the 
method of Frangione et al. [14] with minor modification. In the 
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CM-Sephadex step IP was eluted with the solution containing 
25 mM Tris-HrSQ (pH 8.5) and 0.5 M NarSO+ 
To obtain the IP.Fi-ATPase complex, 0.25 PM Fr-ATPase 
was incubated for 20 min in the presence of 6pM IP in a 
medium containing 0.25 M sucrose, 40 mM Mops-KOH (pH 
6.8), 0.2 mM EDTA, 6 mM MgC12, 5 mM phospho- 
enolpyruvate, 10,uM ATP and pyruvate kinase (1 mg/ml). 
Then 100 ~1 of the reaction mixture were applied to the precen- 
trifuged column with 2 ml of Sephadex G-50 and eluted by cen- 
trifugation [IS]. Sephadex was preequilibrated with the buffer 
containing 0.25 M sucrose, 50 mM Mops-KOH (pH 8.0), 
2.5 mM MgClz, 0.2 mM EDTA, 5 mM Pi and 1.1 mg/ml of 
BSA. The procedure typically resulted in 80-90% inhibition of 
ATPase activity measured with 1OOpM MgATP as substrate, 
but no inhibition was found in the absence of IP. 
Multi-site ATPase activity was assayed by the spec- 
trophotometric method (16) in the medium containing 20 mM 
Mops-KOH @H 8.0), 60 mM KCl, 0.2 mM EDTA, 1 mM 
MgClz, 0.5 mM phosphoenolpyruvate, lOO@M ATP, 2 mM 
NarSOs, 0.3 mM NADH, pyruvate kinase (0.15 mg/ml) and 
lactate dehydrogenase (0.04 mg/ml). ATPase activity at low 
ATP concentrations (5-200 nM) was measured using 
[y-‘*P]ATP. The reaction was stopped with 3 M HCl04 con- 
taining 6 mM Pi and unhydrolyzed [y-‘*P]ATP was removed by 
charcoal precipitation. For details see figure legend. 
Catalytic site occupancy during [14C]ATP hydrolysis in the 
presence of the ATP-regenerating system was investigated using 
the Sephadex column-centrifugation method (151 for separation 
of unbound nucleotide. The details are given in the legend to 
fig.2. 
Protein was determined according to Lowry et al. [17] using 
BSA as a standard. A molecular mass of 360 kDa for 
Fi-ATPase and of 10.5 kDa for IP were used in calculations. 
3. RESULTS AND DISCUSSION 
Curve 1 in fig.1 shows the dependence of the 
native Fi-ATPase activity on ATP concentration 
at substrate levels between 5 and 200 nM. This 
dependence is linear at ATP concentrations higher 
than 20 nM. The second-order rate constant for 
ATP binding derived from the linear portion of 
curve 1 (fig.1) is 6.4 x lo6 M-' . s-l and coincides 
well to the values obtained under similar condi- 
tions by others [18,19]. The departure of curve 1 
from a straight line at ATP concentrations lower 
than 20 nM is due to the alteration of the pattern 
of ATP hydrolysis by Fr-ATPase from a multi-site 
regime to single-site catalysis. 
Preincubation of Fi-ATPase in the presence of 
10 PM ATP and the ATP-regenerating system at 
pH 6.8 for 20 min does not affect the enzyme ac- 
tivity assayed with 100 PM ATP as a substrate and 
has no influence on the ATP dependence of 
Fi-ATPase activity at substrate concentrations 
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Fig.1. Hydrolysis of [y-“P]ATP by Fr-ATPase (curve 1, o) or 
by IP.Fr-ATPase complex (curve 2, 0). The IP.Fi-ATPase 
complex was obtained as described in section 2. Hydrolysis of 
[y-32P]ATP (4.5 x lo3 cpm/pmol at ATP concentrations 
6100 nM and 0.45 x 10” cpm/pmol at ATP concentrations 
> 100 nM) was measured for 1 min in the medium containing 
50 mM Mops-KOH (pH 8.0), 2.5 mM MgCl2 and 0.2 mM 
EDTA. The concentration of Fr-ATPase was 0.5 and 1.0 nM 
and that of IP .Fi-ATPase complex was 2 and 4 nM at 
[y-“P]ATP concentrations c 10 nM and ) 10 nM, respectively. 
Inset shows the initial parts of curves 1 and 2. 
ranging from 5 to 200 nM (not shown). However, 
the addition of 6pM IP to the preincubation 
medium leads to the decrease of ATPase activity at 
100 ,uM ATP by about 85% and to corresponding 
inactivation at low substrate concentrations (fig. 1, 
curve 2). The residual activity is likely to result 
from Fi-ATPase molecules not containing IP. 
These results indicate that, preventing the multi- 
site activity of Fi-ATPase, IP also inhibits the 
single-site catalysis. To verify this conclusion we 
investigated the catalytic site occupancy in the 
IP .Fi-ATPase complex in the presence of ATP 
and the ATP-regenerating system. 
It was recently shown by our group that during 
steady-state ATP hydrolysis by the nucleotide- 
depleted Fr-ATPase, the enzyme contains about 
1 mol of transitorily bound nucleotides (ADP + 
ATP) in the catalytic sites [20]. Similar results were 
obtained for membrane-bound Fi-ATPase [lo]. 
The extent of the catalytic site occupancy by the 
transitorily bound nucleotides in Fi-ATPase coin- 
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cides well with the extent of saturation of single- 
site catalysis by the substrate [7,8,10]. 
It may be seen in fig.2 (curve 1) that native 
F1-ATPase during steady-state [14C]ATP 
hydrolysis binds up to 1.2 mol of [14C]adenine 
nucleotides per mol of enzyme. 80-90°70 of the 
bound [14C]nucleotides are removed if the separa- 
tion of free nucleotide is carried out on the col- 
umns equilibrated with the medium containing 
1 mM cold ATP. Raising the [14C]ATP concentra- 
tion up to 2/zM has no influence on the 
stoichiometry of the transitorily bound 
[14Clnucleotides. Half-maximal occupancy of 
catalytic site by [14C]nucleotides occurs at a 
[14C]ATP concentration of about 5 nM (fig.2, 
curve 1). 
The pattern of the catalytic site occupancy dur- 
ing [~4C]ATP hydrolysis does not change after the 
preincubation of F rATPase  at pH 6.8 in the 
presence of ATP and the ATP-regenerating system 
(not shown). Meanwhile, as shown by curve 2 
(fig.2), the inactive IP. F1-ATPase complex is in- 
capable of binding [~4C]nucleotides at the catalytic 
site in the presence of [~4C]ATP. This result con- 
firms the conclusion that the inactive 
IP .F rATPase  complex in multi-site catalysis is 
also incapable of single-site catalysis. 
Recently Dunn et al. [21] have shown that the e- 
subunit of Escherichia coil F1-ATPase, which is 
similar to the mitochondrial IP in inhibiting the 
F1-ATPase but is homologous to the c~-subunit of 
bovine enzyme [22], inhibits single-site and tri-site 
ATP hydrolysis by E. coli F1-ATPase but not the 
bi-site one. However, Wood et al. [23] have found 
that the extent of intermediate Pi-water oxygen ex- 
change during ATP hydrolysis is increased by the 
e-subunit. If the ATP dependence of the in- 
termediate exchange reflects the acceleration of the 
product release step at the first catalytic site upon 
the binding of ATP at the second alternating 
catalytic site, the conclusion of Dunn et al. [21] 
that the e-subunit does not inhibit the bi-site ATP 
hydrolysis is in conflict with the results of Wood et 
al. [23]. It is possible that this discrepancy is due 
to the fact that the process with very slow product 
release, which in the case of mitochondrial 
F1-ATPase was shown not to be carried out by the 
normal catalytic site [9,19], is considered by Dunn 
et al. [21] as the single-site hydrolysis. 
To explain the results obtained in the present 
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Fig.2. Catalytic site occupancy in the native FrATPase (curve 
1, o) or in the IP-FrATPase complex (curve 2, o). F:-ATPase 
or the IP. FrATPase complex, obtained as described in section 
2, were incubated in the presence of [~4C]ATP in a medium 
containing 50 mM Mops-KOH (pH 8.0), 50 mM KC1, 2.5 mM 
MgC12, 0.2 mM EDTA, 1 mM phosphoenolpyruvate, 1 mg/ml 
pyruvate kinase and 1.1 mg/ml BSA for sufficient time to allow 
several turnovers (from 5 min at 2 nM ATP to 0.5 min at 
1> 100 nM ATP). Unbound nucleotide was removed by column 
centrifugation [15] using Sephadex G-50 equilibrated with the 
same medium but lacking pyruvate kinase. The concentration 
of F:-ATPase and IP. FrATPase complex was 5-50-fold lower 
than the [14ClATP concentration. 
work, two mechanisms may be proposed. (i) The 
steps of ATP binding and/or splitting in the 
catalytic site are impaired in the IP.F1-ATPase 
complex. (ii) In the inactive IP. F1-ATPase com- 
plex, the product (ADP or Pi, or both) release step 
and, probably, the catalysis promoting step after 
ATP binding at the second catalytic site are greatly 
inhibited (or totally prevented). A mechanism 
similar to (ii) has been proposed for FrATPase 
modified by dicyclohexylcarbodiimide and 
7-chloro-4-nitrobenzofurazan [24], though in the 
latter case, ATP binding was found to be affected 
also [19]. Mechanism (ii) seems to be more 
probable for the inhibition of FI-ATPase by IP, 
since an incubation in the presence of hydrolyzable 
substrate is required to obtain the inactive 
IP.F1-ATPase complex (review [3]). It may be 
speculated that nucleotide is trapped in one of the 
catalytic sites of the inactive IP. F:-ATPase com- 
plex. This suggestion is currently under in- 
vestigation. 
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